Fig. 1.
General structures of perfluoroalkyl aldehydes (PFAlds) and n:2 fluorotelomer aldehydes (FTAlds) and their corresponding aqueous phase hydration and subsequent hydrate acid dissociation reactions. RF,n denotes a perfluoroalkyl group of homolog group 'n'.
As part of the SPARC (http://ibmlc2.chem.uga.edu/sparc/) hydration equilibrium model development, Hilal et al. [8] validated the program for the Khyd of 36 aldehydes and ketones, obtaining a log Khyd root mean squared deviation (RMSD) from experimental data of 0.36 units. Similarly, validation of quinazoline hydration by these researchers obtained a SPARC log Khyd RMSD of 0.43 units for 32 compounds. Included in the aldehyde hydration dataset were compounds with perhalogenated moieties, such as trichloroethanal and 4-trifluoromethylbenzaldehyde -and their nonhalogenated analogs ethanal and benzaldehyde -for which the SPARC log Khyd estimation errors were 0.3, 0.2, -0.1, and 0.1 units, respectively.
Experimental pKa values have also been reported in the literature for various carbonyl hydrates, and in Table 1 we compare these values to the corresponding SPARC estimated acidity constants using the current version (September 2009 release w4.5.1529-s4.5.1529) of this program (Table 1) . (1), for a suite of linear perfluoromethyl (C1) through perfluorooctyl (C8) PFAlds and FTAlds and their hydrates, as well as the 1-through 6-monomethyl and 1,1'-dimethyl branched perfluorooctyl congeners, yields the estimated Khyd and pKa values in Table 2 . b SPARC estimated pKa adjusted using correction equation (1) . c error bars are standard errors resulting from the application of correction equation (1) on default SPARC pKa estimates.
PFAld hydrates are expected to have pKa values in the range of phenols (~9 to 10), whereas n:2 FTAld hydrates are expected to have pKa values ~2 to 3 units higher (~12 to 13). n:m FTAlds (where n≥2) are thus unlikely to be substantially dissociated under ambient conditions, although strongly basic alkaline solutions (as are employed in waste treatment technologies) could likely be used to dissociate these compounds. With a pKa range down to about 9, only small percentages (e.g., ~2 to 3%) of the PFAld hydrates would be ionized at intracellular pH values (~7.4), ranging up to ~10% ionization in marine systems (pH~8.1). In most natural freshwaters with pH values of ≤6, only small quantities (<0.1%) of PFAld hydrates would be ionized. The potential for modest proportions of PFAld hydrates to be ionized in vivo and 30 =~2) for the C1 FTAld hydrate appear to be reasonable estimates in the context of the broader experimental databases [15] [16] [17] [18] . Indeed, Guthrie [16] has reported an experimental log Khyd of 4.46 for the C1 PFAld (CF3CHO) that is in excellent agreement with the SPARC estimate of 4.22. However, the large decline in log Khyd with increasing perfluoroalkyl chain length predicted by SPARC for both the PFAld and FTAld hydrates is of concern. Of particular note is the substantial SPARC predicted decrease (4.22→0.31) in log Khyd between the C1 and C2 PFAlds. The magnitude of Khyd is strongly influenced by the electron withdrawing ability of the aldehyde substituents, and we know there is little change in the inductive electron withdrawing ability of perfluoroalkyl substituents with increasing change length. [19] To better probe the possible change in Khyd with increasing perfluoroalkyl chain length for these two classes of aldehydes, we conducted comparative density functional theory (DFT) calculations using Gaussian 09 [20] with the M062X [21] , PBE0, [22] [23] [24] and MPW1PW91 [25] hybrid functionals and the B97D dispersion corrected standalone functional, [26] all with the 6-311+ +G(d,p) Pople-type basis set [27] [28] [29] [30] [31] [32] and the SMD solvation model, [33] on the C1 through C8 straight chain PFAlds and the C1 through C4 straight chain FTAlds (Tables 3 and 4) . We have previously shown that the SMD solvation model appears to be the best suited approach for modeling the thermodynamic properties of perfluorinated compounds in aqueous solution. [34] Recent work has also demonstrated that while direct calculation of carbonyl hydration equilibrium constants in aqueous solution using implicit solvation models may not provide quantitatively correct absolute Khyd (even at relatively high Complete Basis Set (CBS) composite levels of theory), both qualitatively correct and quantitatively accurate (or near-accurate) relative Khyd can be obtained. [18] -0.5 n/a a n/a n/a -5.1 perfluoroheptyl -0.7 n/a n/a n/a -5.3 perfluorooctyl -0.6 n/a n/a n/a -5.5 a calculation not conducted. Table 4 . Estimated relative aqueous equilibrium constants (298.15 K) for hydration (log Khyd) of the straight chain C1 through C4 FTAld isomers using various representative DFT functionals with the 6-311++G(d,p) basis set and the SMD solvation model. Corresponding SPARC estimates are shown for comparison. Absolute log Khyd estimates for each prediction method are given in brackets for CF3CH2CHO.
In contrast to the SPARC estimates, all four DFT functionals yield only modest relative changes in log Khyd as the perfluoroalkyl chain lengthens for both compound classes, with reductions in log Khyd of ≤1 unit between the C1 and C8 homologues. The ~4 log unit decrease in Khyd between the C1 and C2 PFAlds predicted by SPARC is absent in the DFT calculations, which all consistently predict a much smaller ≤0.6 log unit decrease in Khyd between these two homologues. The M062X functional also displays reasonable prediction accuracy (-0.75 log unit error) for the absolute Khyd of CF3CHO, whereas the other functionals display increasing absolute Khyd prediction inaccuracy (computational underestimates) for this compound in the following order: PBE0→MPW1PW91→B97D. Overall, our DFT results suggest the SPARC Khyd estimates may be in error for C2 and higher homologues. Such potential errors with SPARC in dealing with the equilibrium behavior of perfluorinated compounds has been previously reported in the literature. [3, 35, 36] .
Also of note are the wide absolute differences in log Khyd predicted by each DFT functional for equivalent PFAld/FTAld isomers using a common basis set, ranging up to >7 orders of magnitude in Khyd. This demonstrates the need for comparative computational studies using several levels of theory and experimental benchmarking in order to find the most accurate absolute method for the system under investigation. The findings herein suggest the M062X functional with the SMD solvent model may offer a reasonably accurate means for estimating the absolute log Khyd of perfluoroalkyl and other organic compounds in aqueous solution, although testing of a broader set of experimental and theoretical data is required.
In the absence of experimental data for any FTAld isomers upon which to benchmark the computational methods, it is unclear whether the SPARC or DFT log Khyd estimates are quantitatively correct. All methods are consistent in suggesting these compounds will not be substantially hydrated in aquatic systems or in vivo (with the possible exception of the C1 FTAld, for which SPARC estimates a log Khyd of 0.3). Conversely, while the absolute magnitudes of the ≥C2 PFAld log Khyd may be uncertain, the DFT studies consistently predict there will be little change in log Khyd with increasing perfluoroalkyl chain length. Since the log Khyd of the C1 PFAld is experimentally known to be ~4.2, this suggests that all members of this class will be dominantly present as the hydrated form in aqueous solution and in vivo, consistent with prior observations that the C1 through C4 straight chain PFAlds are only commercially available in their hydrated forms. [6] As with our pKa estimates, further experimental work is required to confirm/refute and better constrain the predicted aqueous Khyd of PFAlds and FTAlds presented herein. Where relevant, the molecular and/or dissociated hydrate forms of PFAlds and FTAlds need to be explicitly considered in environmental, toxicological, and waste treatment investigations.
